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WATER TREATMENT SYSTEM AND METHOD 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

The invention is directed to a method and apparatus for purifying or treating water and, 
more specifically, for reducing or removing total dissolved solids in water. 

2. Description of Related Art 

Water that contains hardness species such as calcium and magnesium may be 
undesirable for some uses in industrial, commercial, and household applications. The typical 
guidelines for a classification of water hardness are: zero to 60 milligrams per liter (mg/1) as 
calcium carbonate is classified as soft; 61 to 120 mg/1 as moderately hard; 121 to 180 mg/1 as 
hard; and more than 180 mg/1 as very hard. 

Hard water can be softened or purified by removing or reducing the hardness ion 
species. Examples of systems that remove such species include those that use ion exchange 
beds. In such systems, the hardness ions become ionically bound to oppositely charged ionic 
species that are mixed on the surface of the ion exchange resin. The ion exchange resin 
eventually becomes saturated with ionically bound hardness ion species and must be 
regenerated. Regeneration typically involves replacing the bound hardness species with more 
soluble ionic species, such as sodium chloride. The hardness species bound on the ion 
exchange resin are replaced by the sodium ions and the ion exchange resins are ready again for 
a subsequent water softening step. 

Such systems have been disclosed. For example, Dosch, in U.S. Patent No. 3,148,687 
teaches a washing machine including a water softening arrangement using ion exchange resins. 
Similarly, Gadini et al., in International Application Publication No. WOOO/64325, disclose a 
household appliance using water with an improved device for reducing the water hardness. 
Gadini et al. teach of a household appliance having a control system, a water supply system 
from an external source and a softening system with an electrochemical cell. 
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Electrodeionization (EDI) is one process that may be used to soften water. EDI is a 
process that removes ionizable species from liquids using electrically active media and an 
electrical potential to influence ion transport. The electrically active media may function to 
alternately collect and discharge ionizable species, or to facilitate the transport of ions 
continuously by ionic or electronic substitution mechanisms. EDI devices can include media 
having permanent or temporary charge and can be operated to cause electrochemical reactions 
designed to achieve or enhance performance. These devices also include electrically active 
membranes such as semi-permeable ion exchange or bipolar membranes. 

Continuous electrodeionization (CEDI) is a process wherein the primary sizing 
parameter is the transport through the media, not the ionic capacity of the media. A typical 
CEDI device includes alternating electroactive semi-permeable anion and cation exchange 
membranes. The spaces between the membranes are configured to create liquid flow 
compartments with inlets and outlets. A transverse DC electrical field is imposed by an 
external power source using electrodes at the bounds of the membranes and compartments. 
Often, electrolyte compartments are provided so that reaction product from the electrodes can 
be separated from the other flow compartments. Upon imposition of the electric field, ions in 
the liquid are attracted to their respective counter-electrodes. The adjoining compartments, 
bounded by the electroactive anion permeable membrane facing the anode and the 
electroactive cation membrane facing the cathode, typically become ionically depleted and the 
compartments, bounded by the electroactive cation permeable membrane facing the anode and 
the electroactive anion membrane facing the cathode, typically become ionically concentrated. 
The volume within the ion-depleting compartments and, in some embodiments, within the ion- 
concentrating compartments, also includes electrically active media. In CEDI devices, the 
media may include intimately mixed anion and cation exchange resins. The ion-exchange 
media typically enhances the transport of ions within the compartments and may participate as 
a substrate for controlled electrochemical reactions. Electrodeionization devices have been 
described by, for example, Giuffrida et al. in U.S. Patent Nos. 4,632,745, 4,925,541, and 
5,21 1,823, by Ganzi in U.S. Patent Nos. 5,259,936 and 5,316,637, by Oren et al. in U.S. Patent 
No. 5,154,809 and by Kedem in U.S. Patent No. 5,240,579, which are incorporated herein by 
reference. 
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SUMMARY OF THE INVENTION 

In one aspect, the invention provides a water purification apparatus comprising a 
cathode compartment, an anode compartment, at least one ion-depleting compartment, a 
portion of the at least one ion-depleting compartment being positioned between the cathode 
compartment and the anode compartment, wherein the cathode compartment is fluidly 
connected to the ion-depleting compartment. 

In another aspect, the invention provides for a method of purifying a fluid comprising 
passing a portion of a first fluid through an ion-depleting compartment of an electrochemical 
device to produce a second fluid and passing at least a portion of the second fluid through a 
cathode compartment of the electrochemical device. 

In another aspect, the invention provides for a method of purifying water comprising 
passing a first portion of a first water stream through a cathode compartment of a water 
purification apparatus to produce a second water stream and passing at least a portion of the 
second water stream through an ion-depleting compartment of the water purification apparatus. 

In another aspect, the invention provides for a method comprising passing a first 
portion of a first fluid through an ion-concentrating compartment of an electrochemical device 
to produce a second fluid, passing a second portion of the first fluid through a depletion 
compartment of the electrochemical device to produce a third fluid, reducing the pH of the 
second fluid and reducing the corrosiveness of the third fluid. 

In another aspect, the invention provides for a method comprising providing an 
electrodeionization system to a home, the electrodeionization system configurable to 
continuously provide softened water for household consumption. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Preferred, non-limiting embodiments of the present invention will be described by way 
of example and with reference to the accompanying drawings, in which: 

FIG. 1 is a schematic illustration of an electrochemical device or module in accordance 
with one or more embodiments of the present invention; 

FIG. 2 is a schematic diagram of an electrodeionization module in accordance with one 
or more embodiments of the present invention; 
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FIG. 3 is a schematic illustration of a system in accordance with one or more 
embodiments of the present invention; 

FIG. 4 is a graph illustrating water quality results over time from a system using an 
electrochemical device in accordance with one or more embodiments of the present invention; 

FIG. 5 is a graph illustrating water quality results over time from another system using 
an electrochemical device in accordance with one or more embodiments of the present 
invention; and 

FIG. 6 is a graph illustrating water quality results over time from a system using an 
electrochemical device in accordance with one or more embodiments of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

United States Patent Applications titled WATER TREATMENT SYSTEM AND 
METHOD by Jha et al. and filed on even date herewith; WATER TREATMENT SYSTEM 
AND METHOD by Ganzi et al. and filed on even date herewith; WATER TREATMENT 
SYSTEM AND METHOD by Freydina et al. and filed on even date herewith; WATER 
TREATMENT SYSTEM AND METHOD by Wilkins et al. and filed on even date herewith; 
WATER TREATMENT SYSTEM AND METHOD by Freydina et al. and filed on even date 
herewith; WATER TREATMENT SYSTEM AND METHOD by Wilkins et al. and filed on 
even date herewith; and WATER TREATMENT SYSTEM AND METHOD by Jha et al. and 
filed on even date herewith are hereby incorporated by reference herein. 

The invention provides a method and apparatus for the purification or treatment of 
water that can be used at or near a point of use, for example, a residence, to produce quality 
water for consumption and domestic use. The invention may provide treated tap water, such as 
softened water, using a low-cost apparatus that may have the qualities, among others, of 
exhibiting a small footprint, low power consumption, low maintenance, no chemical addition 
and no net increase in dissolved solids. 

Although the examples described herein use electrodeionization devices, other water 
purification or treatment apparatus and techniques, such as capacitive deionization and 
electrodialysis, may be just as applicable. That is, where reference is made to an 
electrodeionization device, the systems and techniques of the present invention may be used 
with other water purification apparatus, such as an electrodialysis apparatus and/or a 
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deionization apparatus, provided that the use of such apparatus is not inconsistent with the 
principles of the present invention. 

In one embodiment, the invention includes a continuous electrodeionization device to 
provide a purified or treated water for household use. The CEDI device may include an 
electrodeionization module having one or more ion-depleting compartments, one or more ion- 
concentrating compartments, a cathode compartment and an anode compartment. Raw water 
may be fed to the CEDI device and may be split into two or more distinct streams. The first 
stream may supply both the ion-depleting compartments and the cathode compartment while 
the second stream may supply the ion-concentrating compartments and the anode 
compartment. In another embodiment, a stream may feed the ion-depleting compartment and 
both electrode compartments either in series or parallel. 

Efficient operation of electrodeionization devices may often be hindered by deposit and 
scale build-up in one or more of the compartments or in external portions of the apparatus such 
as pumps, orifices, and valves. The deposition of scale, which may be composed primarily of 
calcium salts, occurs when the Langelier Saturation Index (LSI) is above 0. Several factors 
typically contribute to LSI, including, but not limited to, pH, total dissolved solids (TDS), 
temperature, hardness, alkalinity and carbon dioxide concentration. LSI may not indicate how 
much scaling will occur, but can provide information on whether a water will deposit scale 
(LSI>0), dissolve calcium deposits (LSI<0) or be in equilibrium (LSI=0) with any calcium 
deposits. Generally, the LSI is equal to the pH change that would be required in order to bring 
a water to equilibrium conditions. For example, a water exhibiting an LSI of 1 .0 could be 
brought to equilibrium by reducing the pH of the water by 1 .0 pH unit. A formula and chart 
that may be suitable for calculating LSI of a water can be found in ASTM Method D-3739. 

In CEDI devices, scaling is often a problem in the ion-concentrating compartments 
where the concentration of calcium and other dissolved species is increased. Some scaling can 
be avoided, or removed, by the use of reverse polarity systems and techniques that alternate the 
function of the anode with the cathode and also may alternate the function of ion-depleting and 
ion-concentrating compartments. In this way, high LSI water would not be exposed to the 
same compartment for an extensive length of time over which scale can build up. Such 
systems and techniques have been described by, for example, Giuffrida et al. in U.S. Patent 
No. 4,956,071, which is incorporated by reference herein in its entity. 

In addition to the ion-concentrating compartments, scaling may also develop in the 
cathode compartment, due to several factors, one of which may be an increase in pH due to a 
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net production of hydroxide ions. In this manner, a feedwater that has a low LSI, even a 
negative LSI, may start to deposit scale due to an increase in pH. Such a pH increase may 
encompass up to 1, 2, 3 or more pH units in some CEDI systems. 

For a given cathode compartment, the increase in pH in the electrolyte passing through 
the cathode compartment is a function of many factors, including, but not limited to, the flow 
of electrolyte through the cathode compartment as well as the current passing through the 
compartment. Therefore, any pH increase may be minimized by, for example, increasing the 
rate of fluid flow or decreasing the rate of current flow through the cathode compartment. 
Increased fluid flow typically results in increased water use, however, and therefore decreases 
the yield of the treated water that is obtained from the system. 

In accordance with one or more embodiments of the present invention, a method is 
provided that reduces any pH increase while also reducing water usage. Water can be passed 
through the cathode compartment, as well as through one or more ion depletion compartments, 
and water that might normally be dedicated to the cathode compartment alone can function as 
both product water and as electrolyte for the cathode compartment. Water may first be fed to 
one or more, or all of the ion-depleting compartments and then to the cathode compartment, 
prior to its use as product water. Alternatively, the feedwater may first be passed through the 
cathode compartment, then through one or more ion-depletion compartments and then to a 
point of use. In this manner, all, or a portion, of the water that passes through the cathode 
compartment can be used as product water, resulting in water savings. Such an arrangement, 
wherein the cathode compartment may be fluidly connected to one or more ion-depleting 
compartments, also can provide for effective grounding of the water system through the 
cathode, thus resulting in higher levels of safety and serviceability, that may be preferred in 
particular installations such as, for example, domestic water systems. 

Water may be supplied to the cathode compartment at a rate that results in an increase 
in pH of less than about 2 pH units from the time of entry to the time of exit from the cathode 
compartment. In other embodiments, the pH increase may be limited to about 1, 0.5, 0.2, 0.1 
or lesser pH units. Any technique for reducing the pH increase may be employed. One way of 
controlling the pH increase in the catholyte is by increasing the fluid flow through the cathode 
compartment. In comparing the flow of water through a cathode compartment to the flow 
through one of the depletion compartments in the module, a flow ratio of about 1 :2, 1 :5, 1:10, 
1 :50 or greater may provide water exhibiting a preferable LSI. For example, if the flow 
through one ion-depleting compartment is about 40 liters per hour, the flow through the 
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cathode compartment may be about 400 liters per hour, providing a ratio of about 1:10 between 
the flow through an ion-depleting compartment and the flow through the cathode compartment. 
If the water passing through all of the ion-depleting compartments in a module is directed 
through the cathode compartment as well, the ratio of flow between the cathode compartment 
and an individual ion depleting compartment (assuming equal flow through each compartment) 
will be equal to the number of ion-depleting compartments in the module. For instance, in a 
module that contains 25 ion-depleting compartments, if all of the water passing through the 
ion-depletion compartments also passes through the cathode compartment, the ratio of the flow 
of water passing through any one of the ion-depleting compartments in relation to the cathode 
compartment would be about 1 :25, if the flow through each of the ion-depleting compartments 
is the same. 

Using product water as catholyte may appear to be counterintuitive for several reasons, 
including, for example, the higher resistivity of product water in a cathode compartment that 
typically performs better with low resistivity water. However, product water may be of low 
enough resistivity, e.g., less than about 1 megaOhm, such that the conductivity through the 
cathode compartment is not altered to an extent where module performance is significantly 
degraded. Furthermore, the addition of dissolved hydrogen gas into the product water as it 
passes through the cathode compartment may provide for a water of lower corrosivity without 
a concurrent increase in LSI. This water may also provide health benefits as a result of, for 
example, anti-oxidant activity. Water produced using this may also be less corrosive to copper 
or copper-containing components than either raw tap water or a water softened by conventional 
means. 

The rate of flow through the cathode compartment may be set or adjusted to be 
adequate to minimize scale formation. Preferably, the rate of flow through the cathode 
compartment is greater than about 5 liters per minute of water per amp of current passing 
through the module. More preferably, the rate of flow through the cathode compartment is 
greater than or equal to about 12 liters per minute of water per amp applied through the 
module. As the rise in pH that typically occurs in the cathode compartment may be a function 
of, among other factors, the current passing through the compartment, the pH increase can also 
be mitigated by increasing the rate of flow through the compartment in response to an increase 
in current. 
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Conventional CEDI modules often suffer from scaling in the ion-concentrating 
compartments. This may be due to an increase in LSI that may be the result of an increase in 
calcium concentration in water therein. 

In another embodiment, scaling in the ion-concentrating compartments can be reduced 
by lowering the LSI of water passing through the concentration compartments. One method of 
achieving this reduction is by using at least a portion of the stream concentrate as anolyte. In 
this manner, the increase in LSI resulting from a higher concentration of calcium and other 
dissolved ionic constituents can be countered by lowering the pH component of the LSI. This 
can be done by passing concentrate through the anode compartment. For example, water may 
first pass through one or more of the concentrating compartments in a CEDI module and may 
then be directed through the anode compartment, as anolyte. The water may then be 
discharged to waste or may be recycled through the system to build up a greater concentration 
of dissolved species and thus reduce or conserve the amount of water that must be discharged. 
Thus, a "loop" including at least one concentrating compartment and at least one anode 
compartment may be employed. A portion of the water may be constantly or intermittently 
bled or discharged from such a concentrating compartment/anode compartment loop to prevent 
the buildup of calcium or other ionic constituents to levels that might result in scaling. 
Alternatively, instead of passing to waste, this ion-fortified water may be used in applications 
that do not require treated water, for example, irrigation, and other conventional gray water 
uses. 

The water may pass either through the anode compartment first or through one or more 
ion-concentrating compartments first. For example, if a minimum pH water is desired, then 
the fluid residence time in the anode compartment may be increased by, for example, fluidly 
communicating with few or only one ion-concentrating compartment. Alternatively, if all of 
the ion-concentrating compartments are in communication with the anode compartment, then 
each of these fluid streams should contribute fluid, and the flow through the anode 
compartment will be greater, resulting in a smaller pH decrease. 

The water may first be passed through the anode compartment and then through one or 
more ion-concentrating compartments or, alternatively, the water may first be passed through 
one or more ion-concentration compartments and then through the anode compartment. To 
prevent scaling in the ion-concentrating compartments it may be preferred to first feed the fluid 
stream to the anode compartment and then to the ion-concentration compartment or 
compartments. In this manner, the pH of the feed may be lowered (as is the LSI) prior to being 
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introduced to the ion-concentrating compartment. When the water passing through the anode 
compartment and the ion-concentrating compartments is part of a recirculation loop, it may be 
less important to pass the water through the anode compartment first, because the fluid in the 
recirculation loop (a portion of which will typically have already passed through the anode 
compartment) can consistently provide water of decreased pH to one or all of the ion- 
concentration compartments, regardless of the order in which fresh feed is introduced to the 
two compartments. 

In another embodiment of the present invention, at least one of the ion-depleting 
compartments of the module is in communication with the cathode compartment and at least 
one of the ion-concentrating compartments of the module is in fluid communication with the 
anode compartment. In yet another embodiment of the present invention, the 
anode/concentrating compartment configuration may be similar or identical to the 
cathode/depleting compartment configuration, so that when the applied electrical polarity of 
the module is switched, the two fluid streams may correspondingly swap functions as well, 
soon after the polarity reversal is completed. This can provide a polarity reversal system that 
decreases the number of valves required compared to many CEDI polarity reversal systems. 
Thus, while the need for polarity reversal may be diminished because of the reduction in LSI 
due to other design changes, if polarity reversal is desired, the function of the loops can be 
switched to accommodate the polarity change. 

By constructing each of the two loops so that it may alternatively act as 
concentrating/anode loop and depleting/cathode loop, the entire loop, and its associated 
components, need not be continuously exposed to the higher LSI fluid. That is, each loop may 
be configured and have components that provide a degree of functional symmetry that allows 
each loop to perform alternating concentrating and depleting roles. 

In accordance with another embodiment of the invention, a water treatment system, 
preferably a CEDI based system such as that illustrated in FIG. 3, is provided to a point of use 
so that treated water may be produced for domestic consumption on a continuous basis without 
regeneration. A supply of treated water may be interrupted when a conventional water 
treatment device, such as a rechargeable softener, requires regeneration. The present invention, 
however, may allow for an uninterrupted supply of softened water. Additionally, the system 
may be installed and serviced by technicians trained in the installation and maintenance of 
traditional water treatment systems. 
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FIG. 1 illustrates one embodiment of the invention. Module 100 is shown in cross 
section illustrating a group of parallel and alternating ion-depleting and ion-concentrating 
compartments as well as associated cathode and anode compartments at opposing ends of the 
module. Water from a domestic source, for example, well water or municipal water that may 
or may not have been treated by passing through a particle and/or carbon filter, is fed to the 
system by one or more conduits such as conduit 116. From conduit 116, water is fed through 
ion-depleting compartments 140a, 140b, and 140c. Water is fed from conduit 1 18 to ion- 
concentrating compartments 130a, 130b, and 130c. Both the depleting and concentrating 
compartments are typically filled with an electroactive material or ion exchange material such 
as ion exchange resin (which may be bound or unbound) or fibers, and each of the 
compartments is bounded by an anion permeable membrane and a cation permeable 
membrane, although in other embodiments a compartment may be bounded by two of a similar 
type membrane. After passing through ion-depleting compartments 140a, 140b, and 140c, a 
portion, for example, 30%, of the TDS in the water, and in particular, a portion of the hardness 
ions such as calcium and magnesium typically passes from the ion-depleting compartments 
through the adjacent ion permeable membranes into an adjoining ion-concentrating 
compartment. Water then passes through the bottom of each of the ion-depleting 
compartments into conduit 160 which in turn feeds cathode compartment 120 containing 
cathode 122. Cathode compartment 120 may or may not contain ion exchange material, and as 
the water passes through the compartment while current passes through the module, the pH of 
the water is typically increased and hydrogen gas is typically dissolved into the water in part 
per million quantities. After exiting the cathode compartment via conduit 1 80, the water may 
join a recirculation loop in communication with a storage tank, or may directly feed a point of 
use. 

Water entering the module via conduit 118 passes through concentration compartments 
130a, 130b, and 130c that are bounded by an ion semipermeable membrane such as an anion 
permeable membrane or a cation permeable membrane. The ion-concentrating compartments 
may be filled with electroactive media or ion exchange material such as ion exchange resins or 
fibers. After passing through the ion-concentrating compartments, the water is fortified with 
ionic materials that have been received from adjoining ion-depleting compartments. This 
water, now containing a greater level of TDS than when it entered the compartments, exits the 
compartments via conduit 150 and enters anode compartment 110, containing anode 112, and 
which may or may not be filled with ion exchange material. As the water passes through 



anode compartment 1 10, the pH of the water may be lowered, thus reducing the LSI of the 
concentrated fluid. The water then exits via conduit 170 where all, or a portion, of the water 
may be bled to waste or intermittently discharged to waste. The water may also enter a loop 
which is recycled to feed concentrating compartments 130a, 130b, and 130c continuously. In 
this manner, water may be conserved while bleeding off enough high concentrate so that 
calcium, magnesium, and other ionic species do not build up to such a level as to reduce 
efficiency, such as by scaling or clogging sections of the module or its associated components 
of piping, filters, and valves. In this manner, calcium and other hardness contributing species 
can be removed from the water while minimizing the amount of concentrate that must be 
removed from the system. For example, less than about 15, 10 or even 5% of the volume of 
water treated may be discharged to waste. Furthermore, the concentrate that is removed from 
the system can be useful in non-softened applications, such as for irrigation or other uses that 
may not be adversely affected by hardness levels. The addition of high levels of calcium to 
raise or buffer pH may benefit some applications, that are pH sensitive, such as lawn 
maintenance. 

An alternative embodiment is illustrated in FIG. 2 depicting module 200 in cross 
section. Water enters the module from a raw, treated or filtered water supply that may be part 
of a storage loop, including a storage tank, through either conduit 218 that feeds the cathode 
compartment or conduit 216 that feeds anode compartment 210. Cathode compartment 220 
includes cathode plate 222 while anode compartment 210 includes anode plate 212. The 
spacers and electrodes in the system may be held together by connectors that pass through end 
blocks 214 and 224. Water passing through anode compartment 210 exits the compartment via 
conduit 260 at a pH that is lower than when it enters the compartment. The pH of this water 
may be controlled by several factors including the flow rate of the water through the 
compartment as well as by the magnitude of the electric current passing through the module. 
For example, the greater the current and the lower the flow rate, the greater may be the 
decrease in pH. From conduit 260, the water passes through concentration compartments 
230a, 230b, and 230c. These compartments may contain ion exchange material such as ion 
exchange resin or fibers and may be bounded by semipermeable membranes 290 that may be 
permeable to anions, cations, or both. As water passes through compartments 230a, 230b, and 
230c it typically increases in ionic concentration due to a transfer of ionic materials from the 
adjoining ion-depleting compartments 240a, 240b, and 240c. After exiting the ion- 
concentrating compartments, the water is directed to conduit 270 and a portion, or all, of the 
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water may be directed to waste either constantly or intermittently. Conduit 270 may also be 
part of a recycle loop that serves to feed water back into conduit 216 and anode compartment 
210 so that the water may be further concentrated before it is discharged to waste. Any water 
volume that is lost to waste can be made up by the addition of feed water from inlet 216. 

Water that enters through conduit 218 can be directed to cathode compartment 220 that 
contains cathode 222. Water passes from the top of the cathode compartment to the bottom of 
the cathode compartment and exits the compartment at a pH that is higher than when it entered. 
It can also exit with a greater concentration of dissolved hydrogen than when it entered the 
cathode compartment. After exiting the cathode compartment and entering conduit 250, the 
water can be directed to ion-depleting compartments 240a, 240b, and 240c. These 
compartments may contain ion exchange material, for example, ion exchange resins or fibers. 
The ion exchange material contained in the depletion compartments may be anionic exchange 
material, cation exchange material, mixed ion exchange material or alternating layers of anion 
exchange material, cation exchange and/or mixed ion exchange material. Preferably, the ion- 
depleting compartments contain mixed ion exchange resin as do the adjacent concentrating 
compartments, allowing the compartments to change function upon reverse polarization. After 
passing through the ion depleting compartments, the water exits in a more purified state than 
when it entered, for instance, containing less than about 20, 40, 60, or 80% of the original ion 
concentration (and particularly, of the hardness ion concentration). Water can then be directed 
to conduit 280 where it can be sent to a point of use, or into a loop and storage system where it 
can be mixed with additional source water and recycled through the module one or more times. 
In this manner, by removing relatively small percentages of the ionic species contained in the 
water, for example about 10, 20, or 40%, the water may be significantly more purified after 
several passes through the system at the same removal efficiency. For example, depending on 
the rate at which the treated water is diluted with source water (which is dependent on the rate 
of use), a module that reduces the concentration of hardness ion species in the water by about 
40% at each pass may result in a purified water that contains only 20% of the hardness of the 
source water itself. In this way, treated water can be provided by a relatively small module 
operating at low flow and low current conditions. For example, on a concentration basis, a 
feed water having a hardness concentration of up to about 1800 ppm, or greater, can be 
reduced to about 600 ppm, or less, by implementing a recycle loop system. 

The module may also be operated in reverse polarity mode. Soon after the polarity of 
the two electrodes is reversed, the loop, including the anode and concentration compartments, 
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can switch functions with the loop that includes the cathode and dilution compartment. In this 
manner, compartment 220 becomes the anode compartment and compartment 210 becomes the 
cathode compartment. Likewise, compartments 240a, 240b, and 240c can become ion- 
concentrating compartments and 230a, 230b, and 230c can become ion-depleting dilution 
compartments. By associating an electrode compartment to a series of ion exchange 
compartments, the number of valves required to be activated upon polarity reversal can be 
reduced. For example, in the module exemplarily illustrated in FIG. 2, the functions of conduit 
270 and conduit 280 can change by simply switching two valves. This is in contrast to systems 
that may contain a greater number of independently valved components. For example, if the 
anode compartment, cathode compartment, ion-depleting compartments and ion-concentrating 
compartments are plumbed separately, then additional valves may be required to 
correspondingly change the function of each of these compartments upon reversing the polarity 
of the electrodes. This additional valving can lead to increased cost and maintenance 
requirements. 

FIG. 3 illustrates a system of the invention that may use as a component in an 
electrodeionization device similar to one depicted in FIGS. 1 or 2. 

In operation, water may enter the system at point of entry 14 from, for example, a well, 
or a municipal water source. The water being supplied from point of entry 14 may be split into 
two or more streams and one stream may feed storage vessel 12 after passing through conduit 
94 and flow rate indicated 20a. Another portion of the water received from point of entry 14 is 
typically fed to conduit 66 that may form part of a softening water treatment device loop, 
which can utilize an electrochemical device such as a deionization apparatus, an 
electrodeionization apparatus, and/or an electrodialysis apparatus. In a first polarity mode, 
water from conduit 66 typically passes through conduit 68 to valve 32c where it can be 
directed to conduit 70 and pump 3 OA which, in turn, directs the water to conduit 72 and 
pretreatment unit 28a that may be, for example, a particulate filter or a carbon filter. After 
leaving pretreatment unit 28a, the water can pass through conduit 60 and feed into a loop that 
comprises both the anode compartment and the ion-concentrating compartments of, for 
example, electrodeionization device 100. After passing through both the anode compartment 
and the ion-concentrating compartments, the water typically exits through conduit 62 and can 
be fed to valve 32e where it can be directed to conduit 64. Conduit 64 leads to valve 32g 
which can permit a discharge of concentrate to waste at drain 26. Water may be passed from 
drain 26 either intermittently or on a continuous basis and this water may be put to further use, 
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for example, as gray water for irrigation. A portion of the water passing through conduit 64 
may also be directed to conduit 66 completing the loop with any water volume that is lost via 
drain 26 being made up from additional water supplied by point of entry 14. 

Concurrently, water typically passes from storage vessel 12 through outlet 64 past 
pressure indicator 20b and into conduit 96 as well as conduit 98. Water passing through 
conduit 98 typically passes by pressure indicator 20d, through solenoid valve 32a, manual 
valve 32b and to a point of use. Water may be supplied to the point of use upon demand. 
Water passing through conduit 96 can proceed to conduit 54 and, at valve 32d, can be directed 
to conduit 88, pump 30b, conduit 90, and pretreatment unit 28b which may be, for example, a 
carbon or particulate filter. After passing through pretreatment unit 28b, water typically passes 
through conduit 80 and enters a loop in device 100 that may include both ion-depleting 
compartments and one or more cathode compartments. The water may pass through these two 
compartment types in any order and can then be received at conduit 82 which is directed by 
valve 32f to conduit 92 that feeds condition sensor 20c, for example, a conductivity detector, 
and then conduit 94 that leads to storage vessel 12, thus defining and completing a softening 
loop. Any water withdrawn from point of use 1 8 can be made up by feed water from point of 
entry 14 that joins the loop at tee 22. 

Upon polarity reversal, the function of the ion-depleting and ion-concentrating loops 
can be reversed. In this case, water from conduit 66 can be directed through conduit 86, valve 
32d, and into conduit 88 that feeds pump 30b, conduit 90, pretreatment unit 28b, and conduit 
80. However, in this mode, conduit 80 feeds a loop that may include both ion-concentrating 
compartments and the anode compartment, thus exiting through conduit 82 enriched in ionic 
content. Water can then be directed through valve 32f to conduit 84 and conduit 64 and a 
portion of the water may be discharged to drain 26 via valve 32g. The remainder of the water 
may pass through conduit 66 and is redirected through the same loop. Any water lost to drain 
26 can be recovered through the addition of make-up water from point of entry 14. 

In this reverse polarity mode, water from storage vessel 12 may pass through outlet 64, 
condition sensor 20b, conduit 96, and conduit 52 and is directed to conduit 70 via valve 32c. 
After passing through pump 30a, conduit 72, pretreatment unit 28a, and conduit 60, the water 
typically enters device stack 100 and passes through a loop that includes, for example, ion- 
depleting compartments and one or more cathode compartments. After being depleted of ionic 
content, and in particular, of hardness causing ionic species, water can pass in conduit 62 and 
directed by valve 32e to conduit 92, condition sensor 20c, to tee 22 and then through conduit 
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94 to storage vessel 1 2. Any product water that may be lost to point of use 1 8 can be made up 
through the addition of point of feed water through point of use 14 and tee 22. 

Polarity reversal may be triggered by any number of factors such as a decrease in water 
quality or an increase in the potential for scaling. The time in each reversal mode may be 
determined by, for example, a simple timer, water usage, water conditions, or any combination 
of these and other factors that may affect the operation of the system. In addition, the polarity 
may be manually reversed at any time by an operator such as a homeowner or a service 
technician. 

The function and advantage of these and other embodiments of the present invention 
will be more fully understood from the examples below. The following examples are intended 
to illustrate the benefits of the present invention, but do not exemplify the full scope of the 
invention. 

Example 1 

In one experiment, the effectiveness of partially diverting the dilute stream to the 
cathode as electrode feed was evaluated. A 25 cell pair stack electrodeionization device was 
fed with a water having about 1 8 gpg (grains per gallon) hardness and a conductivity of about 
730 ^lS/cm. The feed pressure was about 20 psi and the voltage was applied at about 30 volts. 
The total dilute flow through the ion-depleting compartments was about 1500 ml/min and a 
portion of this flow was provided to the cathode compartment to provide an electrode flow of 
about 250 ml/min. Reject flow from the ion-concentrating compartments was about 480 
ml/min. The stack was operated independently of a tank system. Results from this experiment 
are shown in Table 1, below and in FIG. 4. 

Table 1. 





Hardness 
(gpg) 


Alkalinity (ppm) 


PH 


TDS (ppm) 


LSI 


Dilute 
Reject 
Electrode 


10.2 


174 


7.36 


295 


-0.18 


45 


600 


8.06 


1132 


1.62 


12.2 


214 


9.4 


322 


2.03 



The hardness rejection was about 45% and the TDS rejection was about 41%. After 
about a day of operation, scale buildup became apparent in the cathode compartment and 
operation was ceased. 
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Example 2 

In another experiment, the system shown in FIG. 3 was operated with the stack of 
Example 1 . However, a change to the flow path through the stack was made. In this case, 
instead of shunting a portion of the product water to the electrode chamber, raw water was 
used as cathode feed fluid. A capillary was used to control the reject discharge at about 250 
ml/min and a 30 second flush of the reject stream was run between cycles. About ten gallons 
of water was discharged from the tank every three hours resulting in about an 80 gallon draw 
per day. The conductivity of the tank was reduced within about l-Vi hours of startup but the 
electrode capillary was plugged due to scale formation. Data for various fluid streams are 
provided in Table 2, below. 

Table 2. 





Dilute 


Reject 


Feed to dilute 


Cone. Flush 


Catholyte 


Hardness (gpg) 


4.5 


24 


5.1 


16.0 


17.5 


Alkalinity (ppm) 


70 


330 


80 


250 


250 


PH 


6.97 


7.31 


6.15 


7.7 


7.7 


TDS (ppm) 


136 


649 


150 


459 


489 


LSI 


-1.3 


0.38 


-2.0 


0.5 


0.52 


Conductivity 
(uS/cm) 


200 


946 


222 


663 


715 



This example showed that the tank system is capable of providing water at reduced 
hardness and reduced TDS compared to a non-tank system, but with a requirement that scale 
buildup be removed. 

Example 3 

In another experiment, the same system used in Example 2 above was employed with 
additional changes to the stack. In this case, the ion-depleting compartment chamber was 
plumbed directly to the cathode compartment so that all of the product water flowed through 
the cathode compartment. In this manner, the flow rate through the cathode was increased to 
about 1500 ml/min. About 52 volts were applied to the 25 cell pair stack. As shown in FIG. 5, 
within about two hours after about a 12 gallon discharge from the tank, the purity of the tank 
outlet had achieved the cutoff value of about 220 uS/cm. The left axis provides conductivity in 
|iS/cm and the right axis provides current in amps. The percent rejection at the time the system 



-17- 

was shut down (upon meeting the cutoff value) was about 64%. Also of note is that there was 
no evidence of scaling in the cathode compartment. 

This demonstrates that when a large portion of the product water, for example, 100% of 
the product water, is passed through the cathode compartment, the deposition of scale may be 
reduced or eliminated. Furthermore, additional benefits such as lower TDS are realized when a 
tank system is employed with a stack utilizing product through cathode. Such a feature may be 
particularly useful in a water softening system that can benefit from low maintenance 
requirements. 

Example 4 

In another experiment, the same system as used in Example 3, above, was used and 
water quality was monitored through a series of two discharges of about 1 1 gallons each from 
the tank. The stack was operated under similar conditions, except that about 40 volts was 
applied to the stack. As is evident from FIG. 6, the first discharge from the tank was at about 
10:48 PM and the resulting in-rush of raw water did not increase conductivity enough to 
trigger the start of the system. The second discharge from the tank, at about 2:00 AM, resulted 
in an increase in conductivity that was adequate to start the system, and the conductivity of the 
water output from the tank recovered to the cutoff value in less than about three hours. Again, 
as in Example 3 above, no scaling in the cathode compartment was evident. This demonstrates 
the robustness of the system over more than one cycle of discharge from the tank at volumes 
that are typical for those used, for example, in a single family residence. There may be several 
factors that account for the lack of scale deposition in Examples 3 and 4, among which are the 
lower LSI. That may be due partially to the greater flow rate to the cathode department and 
also the additional turbulence that has developed in the cathode compartment with the 
increased flow rates. 

In accordance with one or more embodiments of the present invention, one or more 
components of the treatment system can be cleaned, periodically or as necessary to remove or 
at least deactivate at least a portion of any contaminating organisms, i.e., bacteria or other 
microorganisms. For example, wetted surfaces that would be susceptible to accumulation of 
bacteria can be exposed to one or more cleaning agents such as acids, bases or any other 
typical cleaning chemicals such as but not limited to alcohols or other disinfectant compounds. 
In other cases, one or more components of the treatment system can be exposed to water that is 
at a sufficiently elevated temperature to inactivate bacteria that may accumulate in the 
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treatment system and/or components thereof. In accordance with other embodiments of the 
present invention, the pretreatment system can comprise any apparatus or device that can 
render microorganisms such as bacteria inactive in the water to be treated. For example, 
pretreatment system can comprise one or more apparatus that renders bacteria inactive by 
exposing them to actinic radiation or ozone. In accordance with or more embodiments with the 
present invention, treatment system can comprise a post treatment system to remove any 
undesirable species including, for example, bacteria or other microorganisms before they are 
introduced or passed through point of use. Examples of suitable post treatment apparatus 
include, for example, those that expose microorganisms to actinic radiation and/or ozone. 
Other examples of suitable post treatment systems include filtration such as microfiltration or 
ultrafiltration devices. Such post treatment systems can be incorporated along any point in the 
water treatment system but would preferably be utilized at or near a point of use or suitable 
junctions in a fluid distribution system. 

In accordance with one or more embodiments of the present invention, the treatment 
device can utilize performance enhancing techniques to further remove any accumulated or 
precipitated hardness species. For example, the electrodeionization device can be periodically 
reversed as discussed herein and have solubilizing species injected therein to dissolve any 
precipitated species. Examples of such species include salts that can promote dissolution of 
precipitated compounds. 

Those skilled in the art would readily appreciate that all parameters and configurations 
described herein are meant to be exemplary and that actual parameters and configurations will 
depend upon the specific application for which the systems and methods of the present 
invention are used. Those skilled in the art will recognize, or be able to ascertain using no 
more than routine experimentation, many equivalents to the specific embodiments of the 
invention described herein. For example, those skilled in the art may recognize that the 
system, and components thereof, according to the present invention may further comprise a 
network of systems or be a component of a system such as a household or residential 
management system. It is, therefore, to be understood that the foregoing embodiments are 
presented by way of example only and that, within the scope of the appended claims and 
equivalents thereto, the invention may be practiced otherwise than as specifically described. 
For example, although the term '"bottom" has been used herein to refer to an orientation or 
direction of water flow, the term has been used only for illustrative purposes and its use does 
not limit the scope of the claims to a particular orientation. The present invention is directed to 
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each individual feature, system, or method described herein. In addition, any combination of 
two or more such features, systems or methods, if such features, systems or methods are not 
mutually inconsistent, is included within the scope of the present invention. 
What is claimed is: 



